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Introduction

According to recent estimates, Rustenburg Layered Suite
(RLS) of the Bushveld Complex of the Republic of South Africa
(Fig. 1) contains 75% and 50% of the World’s Pt and Pd
resources, respectively (Table 1). In the international literature,
the term “Bushveld” is generally used to describe the mafic and
ultramafic layered rocks of the Bushveld Complex; however, the

South African Commission for Stratigraphy (SACS, 1980)
named this package of rocks the Rustenburg Layered Suite
(RLS). The term Bushveld Complex (Fig. 1) is defined by SACS
(1980) as referring to: (1) the ultramafic to mafic layered rocks
(the RLS, Fig. 1); (2) the granophyres and granites overlying the
RLS; and (3) the suite of ultramafic to mafic sills which under-

Fig. 1. Geology of the Bushveld Complex and its country rocks. Data sources: Reczko et al. (1995) and Cawthorn and Lee (1998).
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Table 1. Inferred platinum-group element resources of the
Rustenburg Layered Suite

Platreef
Merensky Reef
East
West
Total
UG2 Reef
East
West
Total
Total all reefs

Ore
(106 tons)

Pt
(million oz)

Pd
(million oz)

2084

136

136

2951
1339.8
4290.8

286
114
400

165
56
221

3488
1536.5
5024.5
11 399.3

306
97
403
939

301
53
354
711

Source: Cawthorn (1999a), Tables 2 and 3.

Table 2. Ages of the Bushveld Complex rocks
Unit
Rustenburg Layered Suite
(Critical Zone)
Raashop Granophyre
Steelport Granite
Nebo Granite
Makhutso Granite

Age

Error

Method

2054.4
2061.8
2057.5
2054.2
2053.4

2.8
5.5
4.2
2.8
3.9

U/Pb
U/Pb
U/Pb
U/Pb
U/Pb

Source: Harmer and Armstrong (2000).

lie the RLS and intrude the country rock sediments. The similarities in the age of the rocks (Table 2) and field relations justify considering them all to be part of the same complex.
The platinum-group element (PGE) mineralization occurs
as layers, known as the UG2, the Merensky and the Plat reefs
(Table 1). The term “reef ” is a mining rather than a lithological
term, and refers to a layer which is sufficiently enriched in PGE
to be exploited. Most mines work with cut-off grades of two g/t
Pt+Pd. Thus, a reef is a layer containing greater than two g/t
Pt+Pd. The main rock types present in the reefs are chromitites,
pyroxenites, norites and anorthosites. This contribution will
describe the geological setting of the Bushveld Complex and the
distribution of the PGE within the RLS. It will then examine
models for the formation of the deposits.
Geological Setting
The Country Rocks

The country rocks of the Bushveld Complex in most localities are sediments of the upper part of the 2.1 Ga to 2.3 Ga Pretoria Group, which is part of the Transvaal Supergroup. The
Pretoria Group is a sequence consisting predominantly of shales,
conglomerates and quartzites with minor mafic volcanic rocks
(Reczko et al., 1995). It is approximately 5000 m thick. The
rocks are thought to have formed in a rift environment beneath
which the lithosphere has been removed (Fig. 2a, Reckzo et al.,
1995). Overlying the Pretoria Group are the intermediate to felsic volcanic rocks of the Dullstroom and Rooiberg formations
informally named the Rooiberg Group (Schweitzer et al., 1995).
Cheney and Twist (1991) showed that the RLS was emplaced

Fig. 2. Geological setting of the Bushveld Complex. (a) Tectonic setting
of the Pretoria Group at approximately 2.1 Ga (based on Reczko et al.,
1995). (b) Heat from the plume produced a blanket of crustal melt which
impeded the rise of mafic melt. The mixtures of mafic melt and crustal
melt erupted as the Dullstroom and Rooiberg volcanic rocks. (c) The
plume flattened and mantle melt escaped around the edges of the crustal
blanket. This mantle melt forms the Rustenburg Layered Suite. Divisions
(b) and (c) based on Hatton and Schweitzer (1995).

close to the unconformity between the Pretoria Group and the
Rooiberg Group (Fig. 3).
The Rooiberg Group has been dated by Walraven (1997) at
2061 ± 2 Ma and Harmer and Armstrong (2000) at 2057.3
± 3.8 Ma. The close spatial relationship and similarity in age
between the Rooiberg and RLS has led to the suggestion that
they are all part of one magmatic episode and it has been suggested that the Rooiberg Group be included in the Bushveld
Complex as the earliest part of the sequence (Hatton and
Schweitzer, 1995; Buchanan et al., 1999). Hatton and
Schweitzer (1995) suggest a model whereby a mantle plume rose
high into the crust (18 km) and produced a blanket of crustal
melt (Fig. 2b). The blanket of crustal melt blocked direct ascent
of mafic magmas from the plume. The crustal melt and mantle

Fig. 3. Model for the emplacement of the Bushveld mafic and felsic rocks
(after Cheney and Twist, 1991).
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Fig. 4. Details of the geology of the (a) Western, (b) Eastern, and (c)
Northern limbs of the Rustenburg Layered Suite showing the location of
the UG2 Reef, Merensky Reef and Platreefs (after von Gruenewaldt et al.,
1986, 1989).

melt mixed and ascended through the crust and extruded as the
intermediate Dullstroom volcanics, while the felsic Rooiberg
volcanics represent mainly crustal melts. In support of this
model, Buchanan et al. (1999) showed that the Dullstroom
intermediate volcanic rocks may be modelled as being mantle
melts with 20% to 25% crustal contamination. As the plume
flattened, relatively uncontaminated mafic magma escaped from
the sides of the crustal melt blanket and intruded below the volcanics to form the RLS (Fig. 2c).
The Overall Stratigraphy of the Rustenburg Layered Suite

The RLS forms the world’s largest layered intrusion (400
km by 300 km in area and approximately 7 km to 8 km thick).
The sub-outcrop of the RLS covers approximately 65 000 km2
(Fig. 1), but the presence of a large thermal aureole indicates
that magmas of Bushveld lineage affected a much greater area
(Reichhardt, 1994). The exposed area of the RLS may be
divided into three limbs: the Western Limb (where most of the
older mines are to be found), the Eastern Limb and the Northern or Potgietersrus Limb (Figs. 1 and 4). In the Western and
Eastern limbs, the RLS is 7 km to 8 km thick and shows a similar stratigraphy (Figs. 4 and 5). In the Northern Limb the RLS
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The base of the Upper Critical Zone is marked by the
appearance of plagioclase as a cumulus phase in an anorthosite
layer just above the MG-2 chromitite. In most areas, the Upper
Critical Zone consists of eight cyclic units of chromitite, pyroxenite and norite. Some contain anorthosite as the upper unit
and not all contain chromitite. Eales et al. (1988) and Scoon
and Teigler (1994) showed that the thickness of the ultramafic
and mafic members of the cyclic units are inversely proportional
and vary systematically along strike. They interpret these variations as being due to proximity to the feeder zones, with the
ultramafic layers being thickest near the sites where magma is
thought to have been introduced into the chamber and the
mafic units being thickest in the distal sites.
The PGE-bearing reefs occur in the 100 m to 300 m thick
stratigraphy between the Upper Group chromite 1 (UG1) and
the Main Zone (Fig. 6). Only the Merensky and UG2 reefs are
mined. The Pseudo reefs and Bastard Reef lie below and above
the Merensky Reef, respectively, and closely resemble it but are
too discontinuous or do not contain sufficient PGE to be
exploited (Naldrett et al., 1986).
Fig. 5. Stratigraphic sections through the Rustenburg Layered Series
(after Cawthorn and Lee, 1998; White, 1994).

is thinner, between 5 km around Potgieterus and 3 km in the
north (Figs. 4 and 5).
The RLS is generally divided into five zones (Hall, 1932):
the basal Marginal Zone (0 to 800 m of norites), overlain by the
Lower Zone (800 m to 1300 m of cyclic units of harzburgite
and pyroxenites), the Critical Zone (1300 m to 1800 m of cyclic
units of chromitite, pyroxenites, and norites), the Main Zone
(3000 m to 3400 m of norites, gabbronorites and anorthosites),
and the Upper Zone (2000 m to 2800 m of magnetitites, gabbronorites anorthosites, and diorites) (Fig. 5). The total stratigraphy of the Northern Limb is relatively thinner than that of the
Western Limb and Eastern Limb (Fig. 5). This is because the
Lower Zone and Critical Zone are much thinner or absent in
this limb (Figs. 4 and 5). More details on the general stratigraphy of the Bushveld may be found in Eales and Cawthorn
(1996) and in references therein.
The Critical Zone

There are a number of layers referred to as reefs in the RLS:
the UG2 Reef, the Pseudo reefs, the Merensky Reef, the Bastard
Reef and the Platreef. These are located in the Upper Critical
Zone. Therefore, the stratigraphy of the Critical Zone will be
described in a little more detail. In most areas of the Western
and Eastern limbs, the Lower Critical Zone consists of a series
of eight cyclic units of chromitites, harzburgite and pyroxenites
(Scoon and Teigler, 1994, and in references therein). The
chromitite layers are referred to as Lower Group (LG) 1 to 7 and
Middle Group (MG) 1. More details on the LG and MG
chromitites may be found in Scoon and Teigler (1994), Lee and
Parry (1988) and von Gruenewaldt et al. (1986).

Stratigraphy of the Section from the UG2 Unit to the Merensky Unit.

In most places, the basal portion of the UG2 Unit is a
coarse-grained pyroxenite or harzburgite (Fig. 6). The ultramafic
layer is 3 m to 10 m thick and contains a number of thin
chromite seams (1 cm to 10 cm in thickness) and a 1 m thick
massive chromitite known as the Upper Group chromitite 2 (the
UG2 Reef ). The UG2 Reef (Fig. 7a) consists of 60% to 90%
chromite, with 10% to 35% oikocrysts of orthopyroxene and
minor interstitial plagioclase. The amount of sulphides present
is different in each limb. The UG2 Reef from the Western Limb
contains very little sulphide (<0.1 modal %) and is composed
mainly of pentlandite and chalcopyrite (Bonel, 1996) as quoted
by Viring and Cowell (1999) and Penberthy and Merkle (1999).
In the Eastern Limb, slightly more sulphides are present (~0.2%
modal); these are also mainly pentlandite and chalcopyrite
(Gain, 1985). In the Northern Limb, more sulphides are present (~1% modal) and the chalcopyrite, pentlandite and
pyrrhotite are present in approximately equal proportions (Von
Gruenewaldt et al., 1989). The chromitites are overlain by either
pyroxenites or norites. In the northern portion of the Western
Limb, the sequence appears more ultramafic and the rocks overlying the UG2 are harzburgite, followed by pyroxenite.
The stratigraphy between the Merensky Unit and the UG2
Unit varies from sector to sector (Eales et al., 1988; Maier and
Eales, 1997). The distance between the Merensky and UG2
reefs is at its maximum in the Eastern Limb, where it reaches
360 m in some sectors (Fig. 6). In the northern sector of the
Western Limb, the Merensky and UG2 reefs are at their closest
(20 m to 40 m). In the southern sector of the Western Limb, the
distance is intermediate at (75 m to 160 m). In the Eastern
Limb and the southern portion of the Western Limb, the rock
types between the reefs are largely leuconorites and anorthosites
(Fig. 6). Two exceptions to this are the Boulder Bed and the
UG3 layer. The Boulder Bed occurs in the southern portion of
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Fig. 6. Comparison of the stratigraphic sections for the UG1 to the Bastard Reef from the northern
and the southern portion of the Western Limb and from the Eastern Limb. Note that the distance
between the UG2 and Merensky Reef is narrowest in the northern portion of the Western Limb, and
this section contains the highest proportion of ultramafic rocks (after Mossom, 1986; Viljoen et al.,
1986; Leeb-du Toit, 1986).

the Western Limb and consists of pyroxenite “enclaves” 7 cm to
1 m in size in leuconorite (Leeb-du Toit, 1986; Viljoen and
Hieber, 1986; Maier and Barnes, 2002). The UG3 chromitite
occurs in the central sector of the Eastern Limb. In the northern
section of the Western Limb, the UG2 Unit is overlain by a
coarse-grained harzburgite containing two narrow chromitite
seams. This unit is known as the Pseudo Reef Unit (Fig. 6).
More details on these may be found in Lomberg et al. (1999),
and Viring and Cowell (1999) and in references therein.
The Merensky Unit

Broadly speaking, there are two types of Merensky Reef,
normal reef and potholed reef. Further subdivisions of these are
possible (e.g., Viljoen, 1999), but will not be discussed here.
The “normal” reef shows the least degree of transgression of the
silicate stratigraphy and conformably overlies the footwall
anorthosite (Fig. 7b). The base of the Merensky Unit is marked
by a narrow, 1 cm to 10 cm, chromitite seam. The normal reef

generally has two chromitite seams, although as many as four
and as few as one occur in some sections. This is in turn overlain by a rock type referred to as “pegmatoidal feldspathic
pyroxenite.” The modal mineralogy at Impala mine is 70% to
90% euhedral orthopyroxene, 10% to 30% oikocrysts of plagioclase, 1% to 5% sulphides (pyrrhotite, pentlandite and chalcopyrite), minor (<1%) clinopyroxene and biotite (Barnes and
Maier, 2002). This is in agreement with the mineralogy that
can be calculated for the whole south Western Limb based on
the norm of SARM-7, a composite sample of 7500 kg of
Merensky Reef from five mines in the area (Steele et al., 1975).
The normative mineralogy of SARM-7 is 60% orthopyroxene,
25% plagioclase, 6% clinopyroxene, 6% chromite, 1% sulphides. Thus, according to the IUGS classification, it is not a
pyroxenite, but rather a coarse-grained to very coarse-grained
melanorite. The upper chromite seam is 1 cm to 10 cm and is
overlain by a melanorite. The thickness of the coarse-grained
melanorite between the chromitite layers varies from section to
section. In the northern part of the Impala mine area, it is less
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than 10 cm thick, but in the Brits area, it is 14 m thick
(Viljoen, 1999). The grade of the ore is inversely proportional
to the thickness of the melanorite and where it is thicker than
3 m the package is not economical to mine (Viljoen, 1999). In
places where the melanorite is thin, PGE values above > 2 g/t
Pt+Pd may be found below the basal chromitite (in the underlying leuconorite or anorthosite) and above the upper chromitite, in the overlying melanorite or norite (Viljoen, 1999;
Barnes and Maier, 2002).
At many localities, the Merensky Reef does not rest conformably on its footwall and much of the stratigraphy between
the Merensky Reef and UG2 Reef appears to be missing
(Fig. 8). This type of reef is referred to as “potholed” reef.
Viljoen (1999) reports that between 15% and 30% of the reef

is potholed in the southern sector of the Western Limb. Potholes also appear to be common in the northern portion of the
Western Limb, although exact figures are not given (Lomberg
et al., 1999; Viring and Cowell, 1999). It has been suggested
that the potholes form as a result of a combination of thermal
erosion of the floor rock by a new influx of magma (Campbell,
1986) and by thinning of the partially consolidated magma
pile as a result of listric faulting (Carr et al., 1994). Viljoen
(1999) has developed an integrated model for the distribution
of the potholes and the gravity highs in the Bushveld. In this
model, the gravity highs represent the feeders to the Bushveld
magma chamber, and the potholes and thin normal reef are
concentrated around the feeders. Thicker normal reef forms
further away from the feeder. An important implication of this
model is that, in the areas proximal to the feeders, the rocks
underlying the Merensky Unit have experienced a relatively
strong reheating and recrystallization. This reheating is
thought to be the reason for the coarse-grained nature of the
melanorites or pyroxenites.
The Merensky Unit is overlain by the Bastard Unit, so
named because of its physical resemblance to the Merensky
Unit, but poor PGE content (Vermaak, 1995).
The Platreef

The Platreef only occurs in the Northern Limb of the complex (Fig. 4). From south to north, the Upper Critical Zone
rocks are in contact with progressively older rocks — in the
south the Pretoria Group clastic sediments, in the centre the
Chuniespoort dolomites, and in the north Achaean granites.
The Platreef is found close to the contact between the country
rocks and the Bushveld rocks (Fig. 4). The Critical Zone is 125
m thick in the south and up to 400 m thick in the north (Vermaak, 1995). It is discordant and transgressive of its own layers
and the country rock. Unlike the Merensky and UG2 reefs, the
Platreef is not a narrow layer, but rather a board heterogeneous
zone of up to 200 m of pyroxenite to norite containing large

Fig. 7. (a) UG2 Reef from the Western Platinum Mine. (b) Polished slab
through the Merensky Reef from the Impala Platinum Mine. In this case,
the Reef consists of an anorthosite, overlain by chromite, overlain by
coarse-grained melanorite (normally referred to as pegmatoidal pyroxenite), overlain by a narrow chromite, overlain by melanorite. (c) Platreef
from Sandsloot mine.

Fig. 8. Important features of potholes (after Viljoen, 1999).
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xenoliths of dolomite, serpentinites and calc-silicates (Fig. 7c).
The high Pt and Pd values are found around the xenoliths (Fig.
9) together with sulphides (pentlandite, pyrrhotite and chalcopyrite). This heterogeneous Platreef Zone is overlain by gabbronorites of the Main Zone. For detailed descriptions, see
Vermaak (1995) and von Gruenewaldt et al. (1989).
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Geochemistry
Marginal Rocks

Based on the composition of the marginal rocks, it is generally proposed that the RLS rocks formed from two magma types:

Fig. 9. Cross-sections through the Platreef Zone, from north to south (after Cawthorn and Lee, 1998). Note how the high PGE values are found around
the xenoliths.
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high-Mg basaltic andesite and tholeiitic basalt (e.g., Harmer and
Sharpe, 1985). The high-Mg basaltic andesite has been referred
to as the B1 (Bushveld 1) magma by Harmer and Sharpe (1985),
U (ultramafic) magma by Sharpe and Irvine (1983), and magnesian basalt by Davies and Tredoux (1985). The tholeiitic basalt
has been referred to as the B2 and B3 (Bushveld 2 and 3) magmas by Harmer and Sharpe (1985), A (anorthositic) magma by
Sharpe and Irvine (1983), and tholeiites by Davies and Tredoux
(1985). The authors will use IUGS nomenclature. The high-Mg
basaltic andesite is of a composition that would crystallize olivine
plus orthopyroxene, followed by orthopyroxene, and followed by
orthopyroxene plus plagioclase. In terms of major elements, the
Lower Zone rocks and Lower Critical Zone rocks could represent
the cumulate products of such a magma (e.g., Harmer and
Sharpe, 1985). The tholeiitic basalt would crystallize plagioclase
plus orthopyroxene, followed by plagioclase plus both pyroxenes.
In terms of the major elements, the Main Zone cumulates could
represent the cumulate products of such magma. (e.g., Harmer
and Sharpe, 1985).
Primary mantle melt should have smooth mantle normalized trace element patterns. The shape of the patterns from the
marginal rocks of the RLS suggests that they are not primary
partial melts (Fig. 10). The mantle normalized trace element
pattern for the high-Mg basaltic andesite shows a strong enrichment in Cs, Rb, Ba, Th, and K (large ion lithophile elements,
LILE). In contrast, the tholeiitic basalt shows far less enrichment in LILE, although Ba is enriched and, as a result, the
tholeiitic basalt pattern has a positive Ba anomaly. Both magma
types have large negative Ta, Nb, P, and Ti (high field strength

element, HFS) anomalies (Fig. 10). The shape of the high-Mg
basaltic andesite pattern is similar to that of upper crust and that
of tholeiitic basalt to that of lower crust. Thus, the trace elements suggest that the RLS magmas have undergone crustal
contamination.
Studies using various isotopic systems confirm this. Both
magma types have initial Sr isotope ratios (0.703 to 0.708, Table
3) considerably higher than one would expect for primary mantle melts at 2.0 Ga (0.702). Maier et al. (2000) quote a value of
crustal εNd values for both magma types (Table 3). Finally,
Harmer et al. (1995) report that initial lead isotope compositions from the chill rocks also indicate that the marginal rocks
contain a crustal component.
The PGE concentrations are broadly similar in both
magma types (Table 3, Fig. 11a) with the high-Mg basaltic
andesite containing slightly more of all the PGE than the tholeiitic basalt. On the mantle-normalized metal patterns Ni, Os,
and Ir are present at approximately the same levels. From Ru to
Pt, the patterns rise steeply and then flatten out between Pt and
Cu. The Pd/Ir ratios range from 20 to 40 for picritic to basaltic
magmas. For example, the initial magmas at Noril’sk (Russia),
Duluth (United States), Muskox (Northwest Territories) and
Raglan (Quebec) have Pd/Ir ratios ranging from 15 to 45
(Barnes et al., 1997a). The Pt/Pd ratio in both RLS magma
types is approximately chondritic at 1.7. This is unusual in that
most mafic volcanic rocks have Pt/Pd ratios of approximately 1
Table 3. Estimated* composition Bushveld magmas
Basaltic
Andesite

Tholeiitic
Basalt

SiO2

55.87

50.48

TiO2

0.37

0.71

Al2O3

12.55

15.79

FeO

9.15

11.61

MnO

0.21

0.18

MgO

12.65

7.26

CaO

7.29

10.86

Na2O

1.53

2.2

K2O

0.77

0.16

P2O5

0.1

0.16

Cr2O3
Total

Fig. 10. Mantle normalized trace elements for possible initial magmas of
the Rustenburg Layered Suite. The high-Mg basaltic andesite shows a
strong enrichment in LILE and has large negative Ta, Nb, P, and Ti anomalies similar to the upper crust. The tholeiitic basalt also shows strong
negative Ta, Nb, P, and Ti anomalies, but does not show a strong LILE
enrichment. In general, the tholeiitic basalt is similar to lower continental
crust. Mixing of primitive mantle magma such as a komatiite with the
Upper Crust could have produced the high-Mg basaltic andesite, while
mixing of primitive mantle magma with the Lower Crust could have produced the tholeiitic basalt. Normalization values from McDonough and
Sun (1995), upper and lower continental crust are from Taylor and
McLennan (1985).

0.14

0.05

100.62

99.46

Ba (ppm)

310

206

Cs

2.1

0.13

Hf

2

1.5

Rb

27

3

Sc

41

35

Sr

180

350

Ta

0.16

0.22

Th

3.8

0.7

U

0.75

0.19

V

179

182

Zr

74

60

La

13.2

15.5

Ce

26.6

32

Basaltic
Andesite

Tholeiitic
Basalt

Nd
Sm
Eu
Tb
Yb
Lu

15.9
2.57
0.71
0.32
1.06
0.14

18.1
3.58
1.25
0.56
2
0.26

Ag (ppm)
As
Co
Cu
Ni
S
Sb
Se

<0.5
1.1
73
61
257
866
0.07
0.27

<0.5
<0.5
53
60
146
314
0.03
0.15

Os (ppb)
Ir
Ru
Rh
Pt
Pd
Au

0.5
0.32
2
1.1
18
11
3.05

<0.5
0.18
1.5
0.6
14
9
2.91

0.7032
0.7057

0.7059
0.7077

-4.59
-6.31

-4.92
-6.74

Sri low
Sri high
εNd low
εNd high

*Estimates based on Davies and Tredoux (1985); Harmer and Sharpe (1985); von
Gruenewaldt et al. (1989); Barnes and Maier (2002); Curl (2001).
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(Barnes et al., 1997a; Crocket, this volume). The reason for the
higher Pt/Pd ratio in the RLS rocks appears to be that they contain slightly more Pt than the basalts and picrites associated with
other Ni-PGE deposits — 13 to 19 ppb for the Bushveld
(Table 3) versus 6 to 12 ppb for Muskox, Duluth, Noril’sk and
Raglan (Barnes et al., 1997a). The other PGE appear to be present at approximately the same levels in the RLS magmas and in
basalts and picrites associated with Ni-PGE sulphide deposits.
Some komatiites have Pt/Pd ratios similar to the RLS
(Munro: Crocket and MacRae, 1986; Mt. Keith: Dowling and
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Hill, 1992; Mainville, 1994), thus the high Pt/Pd ratio of the RLS
magmas may suggest that they are related to komatiites. Barnes
(1989) has suggested that the high-Mg basaltic andesite magmas
represent a contaminated komatiite. As can be seen in Figure 10,
a mixture of komatiite magma with upper crustal material would
result in a LILE-enriched pattern with negative HFS anomalies as
seen in the basaltic andesite. Similarly, a mixture of komatiite with
lower crustal material could produce trace element patterns similar to the tholeiitic basalt. However, on the basis of the Sr and Nd
isotopes, Maier et al. (2000) argue that, although the contami-

Fig. 11. Fields of mantle normalized metal patterns for silicate rocks of the RLS: (a) the marginal rocks; (b) the Lower Zone; (c) the Lower Critical
Zone; (d) Upper Critical Zone up to the UG1; (e) the Merensky Footwall; (f) the Merensky Reef hangingwall; (g) the Bastard Reef; (h) the Main Zone.
BA = basaltic andesite, TB = Tholeiitic Basalt, MR = Merensky Reef, O = average for each group. Normalizing values from Barnes and Maier (1999)
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nating material in the case of the high-Mg andesitic basalt was a
partial melt of the Upper Crust (as suggested by the trace element
concentrations), the contaminating material of the tholeiitic
basalt was not lower crust, but rather the plagioclase-rich
residuum formed by melting of the Upper Crust. In terms of trace
elements, the residuum would look similar to lower crustal material and so would produce a similar trace element pattern.
Contaminating a komatiitic magma with crustal material
will simply dilute the PGE concentrations because the crust
contains very little PGE, but the shape of the pattern and the
Pt/Pd ratio would remain approximately the same, provided
that the contamination does not lead to saturation of the silicate
magma with an immiscible sulphide. At low pressures, tholeiitic
magmas become saturated in sulphide liquid at approximately
1000 ppm S (Li et al., 2001 and references therein). The highMg basaltic andesite contains 800 ppm and thus is close to sulphide saturation. In contrast, the tholeiitic basalt contains only
300 ppm and is much further from saturation. The Cu/Pd ratios
of both magma types are close to the mantle value of ~7000 and
this suggests that neither has experienced sulphide segregation
prior to emplacement. If sulphide segregation had occurred, the
Cu/Pd ratio would be greater than mantle because the PGE
have much higher partition coefficients into sulphide liquid
than Cu (>10 000 versus 1000, Table 5). For the same reason,
the fact that the Cu/Pd ratios are close to mantle values suggests
that no sulphides remained in the mantle during partial melting.
Approximately 20% to 25% partial melting of the mantle is
required to consume all the sulphides in the mantle (e.g., Keays,
1995). Thus, the fact that the magmas have close to mantle val-

ues, the Cu/Pd ratios also suggest that they are the product of
high degrees of partial melting of the mantle.
The Lower Zone and Lower Critical Zone Rocks

The Lower Zone and Lower Critical Zone rocks are meso
to adcumulates of olivine, orthopyroxene and chromite. Based
on their incompatible element contents, Maier and Barnes
(1998) estimate that they contain 1% to 30% silicate liquid
component with most rocks containing 5% to 15%. The similarity in incompatible trace element ratios and the initial Sr and
Nd isotope composition suggests that this liquid was derived
from the high-Mg basaltic andesite (Fig.12).
The average concentration of PGE, Ni and Cu in the
harzburgites and pyroxenites from the Lower Zone and Lower
Critical Zone rocks are similar (Table 4, Fig. 13). The Pt and Pd
contents generally fall in the 2 to 50 ppb range. The shape of the
mantle normalized metal patterns for both groups of rocks is
similar (Figs. 11b and 11c). The PGE are enriched relative to Ni
and Cu with Ni/IrN and Cu/PdN of approximately 0.1, resulting in a slightly arched shape to the patterns. Compared to the
marginal rocks, the Lower Zone and Lower Critical Zone rocks
are enriched in Ni to Rh and, as a result, the metal patterns are
flatter than the marginal rock patterns with Pd/Ir ratios that
range from 4 to 10 rather than the 30 to 60 range observed in
the marginal rocks (Figs. 11b and 11c).
The chromite layers of the Lower Critical Zone (LG-1 to LG7 and MG-1) are much richer in PGE than the silicate rocks that
enclose them and contain Pt and Pd in the 30 to 800 ppb range

Fig. 12. Union stratigraphic section showing variations in Sr isotope composition and trace element ratios. Note that the Lower Zone and Lower Critical Zone rocks have similar compositions to the high-Mg basaltic andesite, and the Main Zone rocks are similar to the tholeiitic basalt. The Upper Critical Zone has intermediate composition.  = Lower Zone harzburgites and pyroxenites;  = Critical Zone harzburgites and pyroxenites; ∆ =
chromitites of Lower Critical Zone;  = chromitites of the Upper Critical Zone;  = Critical Zone melanorites to leuconorites;  = UG2, X = Pseudo
reefs or Boulder Bed;  = Merensky Reef; * = Bastard Reef;  = Main Zone gabbronorites.
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(Table 4, Fig. 13). The mantle-normalized patterns show this clearly
with strong arched shape and IrN and Cu/PdN of approximately
0.02 (Fig. 14a). Further, in contrast to the silicate rocks, which tend
to be richest in Pt and Pd, the peaks of the chromitite patterns are
at Rh (except in the LG-2 and LG-4 where it peaks at Ru).
The Upper Critical Zone

The Upper Critical Zone rocks are meso to adcumulates of
orthopyroxene, chromite and plagioclase. Maier and Barnes
(1999) estimate that the rocks contain 3% to 40% liquid component, but most contain 5% to 10%. The Upper Critical Zone
rocks have incompatible element ratios, Pb isotopes, initial Sr,
Nd and Os isotope compositions that are intermediate between
the Lower Critical Zone and Main Zone (Fig. 13) (Kruger, 1994;
Harmer et al., 1995; Maier and Barnes, 1999; McCandless et al.,
1999; Schoenberg et al., 1999; Maier et al., 2000). It is thought
that these rocks represent the product of mixing of the two magmas that formed the RLS. For instance, based on the Th/Hf,
Barnes and Maier (2002) calculate that magma from which the
Merensky Unit formed at Impala mine consisted of approximately 60% high-Mg basaltic andesite and 40% tholeiitic basalt.
The Upper Critical Zone norites and pyroxenites from the
MG-2 chromitite up to the UG2 chromitite are more enriched
in PGE than the Lower Zone and Lower Critical Zone silicate
rocks and contain 10 to 100 ppb Pt, respectively, with Ni/IrN
and Cu/PdN of approximately 0.05, and the mantle-normalized
metal patterns show a strong arched shape. The PGE values rise
from Os through to Rh. Platinum is present at similar levels to
Pd and then the patterns fall steadily from Pd to Cu. Compared
to the marginal rocks, the Upper Critical Zone rocks are
strongly enriched in Ni to Rh. The chromite layers of the Upper
Critical Zone (MG-3 to MG-4,UG1 and UG3) are richer in Pt
and Pd than those of the Lower Critical Zone and contain 200
to 4000 ppb Pt and Pd (Fig. 13). Like the Lower Critical Zone
chromitites, they show the strongly arched shaped patterns due
to the strong enrichment in PGE relative to Cu and Ni (Fig.
14b, Table 4). However, there is a change in the shape of the pattern from Rh through to Au. Platinum, Pd, and Au are present
at similar mantle-normalized levels to Rh, so the pattern is flat
from Rh to Au, rather than decreasing.
The UG2 Reef contains 1000 to 4000 ppb each of Pt and
Pd (Table 4). The composition of the reef from the Western
Limb is similar to that of the Eastern Limb (Fig. 14c, Table 4)
except that the Eastern Limb UG2 contains more S, Pd, Cu,
and Au. Similarly, a layer known as the UG2-like chromitite in
the Potgietersrus area is similar in composition to the UG2 of
both limbs, but contains a little more S, Cu, and Au. The UG2
Reef is a chromitite and the overall shape of the PGE patterns is
similar to that of the other chromitites of the Upper Critical
Zone (Figs. 14b and 14c). However, the UG2 is richer in all the
elements from Rh to Cu.
Between the UG2 Reef and the Merensky Reef, ultramafic
layers rich in PGE occur. These are the Boulder Bed in the
southern part of the Western Limb, and the upper and lower
Pseudo reefs in the northern part (Fig. 14 d). The PGE concen-

AND

W.D. MAIER

trations in the Boulder Bed have been investigated from six different localities and found to be highly variable (Maier et al., in
press). However, the Boulder Bed samples on average contain
high PGE values (Table 4). The details for the PGE concentrations in the Pseudo reefs are not available, but Naldrett et al.
(1986) report high values from four samples (Table 4). Naldrett
et al. (1986) mention that the heterogeneous distribution of
PGE in the Pseudo reefs makes them difficult to exploit, and
thus the layers are not mined. The shape of the PGE patterns
from all three units are similar to each other and to the UG2
Reef, except that the UG2 Reef has lower S, Cu, Au, and Pt concentrations.
The footwall norites and anorthosites to the Merensky Reef
resemble the marginal rocks (Fig. 11e) with an average Pd/Ir
ratio of 14 and only a slight enrichment of PGE over Ni and Cu.
The Merensky Reef contains 1 to 40 ppm Pt, and 1 to 10
ppm Pd (Table 4). The highest values are from the chromitite
seams (Fig. 14e). In contrast to the UG2 Reef, the composition
of the Merensky Reef is similar in the Eastern and Western limbs
and the Pt/Pd ratios are similar. The overall shape of the mantle-normalized pattern is broadly similar to the UG2 Reef in
that the patterns are strongly enriched in PGE relative to Ni and
Cu. In detail, however, there are differences; the Merensky Reef
is depleted in Ir, Ru and Rh, has similar Pt, and is enriched in
Pd, Au, and Cu relative to the UG2 Reef.
The hangingwall pyroxenites and norites to the Merensky
Reef contain little Pt and Pd (20 to 200 ppb). The metal patterns show a steady increase from Ni to Pt, but between Pt and
Pd the patterns are flat. Au shows a strong positive anomaly (Fig.
11f ).
The Bastard Unit overlies the Merensky Unit and is the last
cyclic unit of the Critical Zone. The Bastard Reef (the basal
pyroxenite and, in some localities, a thin chromitite seam of the
Bastard Unit) contains similar S, Ni, Cu, and Au concentrations
to the Merensky Reef, but contains an order of magnitude less
PGE (Table 4). The mantle-normalized metal patterns are similar to those of the hangingwall to the Merensky Reef (Fig. 11g).
There is a steady increase from Ni to Pt. Platinum, Pd, and Cu
are present at approximately similar mantle-normalized levels,
but Au shows a strong positive anomaly.
The stratigraphic position of the Platreef of the Northern
Limb is broadly equivalent to that of the Merensky Reef, i.e.,
toward the top of the Critical Zone, and it has been suggested
that the two reefs are equivalent (Vermaak, 1995). The published database for the Platreef is very limited and thus it is difficult to assess this idea. The Platreef is estimated to contain
1.7 ppm Pt and 2 ppm Pd (Vermaak, 1995). Thus, in contrast
to the Merensky Reef and most of the rocks of the Bushveld, the
Platreef rocks have a Pt/Pd ratio of less than 1. Platreef contains
more sulphides and, hence, more S, Ni, and Cu than the Merensky Reef (Table 4). The average Platreef contains similar Pd values to the Merensky Reef, but contains less of all other PGE
(Table 4 and Fig. 14f ). The mantle-normalized metal patterns
show a steady increase in level from Ni to Pd and then decrease
to Cu so that there is a distinct peak at Pd rather than the
plateau observed between Rh and Au in the Merensky Reef.
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Table 4. Metal concentrations in the rocks of the Rustenburg Layered Suite
S
(ppm)
High-Mg Basaltic Andesite
Average, n=15
866
Minimum
140
Maximum
1800
Tholeiitic Basalt
Average, n=11
314
Minimum
56
Maximum
901
Lower Zone Silicate Rocks
Average, n=42
177
Minimum
51
Maximum
337
Lower Critical Zone Silicate Rocks
Average, n=43
82
Minimum
42
Maximum
142
Lower Critical Zone Chromitites
LG-1, n=2
<0.01
LG-2
<0.01
LG-3
<0.01
LG-4, n=2
<0.01
LG-5, n=8
<0.01
LG-6, n=12
<0.01
LG-7
<0.01
MG-1
24
Upper Critical Zone Silicate Rock
Average, n=29
92
Minimum
31
Maximum
229
Upper Critical Zone Chromitites
MG-2
62
MG-3
34
MG-4
19
UG1
100
UG3
59
UG2 Reef
Western Limb
228
Eastern Limb
926
Northern Limb
4540
Individual Localities
Western Limb
—
Amandelbult
—
Union
—
Rustenburg
—
Western Mine
228
Marikana
—
South West
—
Eastern Limb
—
Hackney
—
Maandagshoek
926
South East
—
Boulder Bed
Average, n=12
3416
Minimum
230
Maximum
18 160
Pseudo Reef
Lower
4254
Upper
13 068

Ni
(ppm)

Cu
(ppm)

Cr
(ppm)

Os
(ppb)

Ir
(ppb)

Ru
(ppb)

Rh
(ppb)

Pt
(ppb)

Pd
(ppb)

Au
(ppb)

Reference

257
195
451

61
34
98

851
392
1485

1
<0.2
1

0.32
0.05
0.60

2.0
<1.5
2.0

1.1
0.3
2.4

18
8
44

11
2
25

3.05
1.77
4.70

1, 2, 13, 16, 20

146
89
235

60
16
85

415
200
1104

<0.5
—
—

0.18
0.03
0.38

1.5
<1
1.8

0.6
0.2
1.2

14
7
23

9
5
14

2.91
1.55
6.67

1, 2, 13, 16

1103
363
2231

21
6
51

3381
562
6697

3
<1
6

2.08
0.24
10.50

16.4
2.1
66.0

2.6
1.1
9.3

23
2
135

21
<2
122

2.70
0.10
13.4

6, 10

671
427
1590

13
7
22

4809
1406
15 362

2.7
<1
7.9

2.37
0.20
14.00

14.0
<5
45.0

3.7
0.5
10.5

26
<5
135

12
3
47

2.39
0.10
10.0

6, 10

40
—
—
750
174
50
—
178

20
—
—
20
11
20
—
18

350
358
365
341
342
326
310
278

208
416
256
316
684
610
536
388

30
120
20
30
56
64
10
68

30
95
27
29
75
60
19
107

220
590
140
271
296
305
58
428

55
79
52
33
230
94
53
191

40
86
58
27
370
242
90
782

25
16
23
18
226
33
86
255

—
—
—
—
—
2.1
—
7.5

15
15
15
15
7, 15
15
15
7, 15, 19

407
35
1242

17
7
36

3635
470
14 263

5.4
<1
26

7
0
40

36
<5
100

12
0
67

119
3
490

52
2
298

4.33
0.26
46.0

7, 10, 11

146
149
105
104
116

26
19
22
35
33

273
280
286
189

999
440
938
788

78
55
51
78

170
118
111
116

334
280
221
667
910

225
318
208
211
325

1675
1219
982
790
2305

677
743
204
823
330

—
6.00
2.70
—
—

7, 15
7, 15, 19
7, 15, 19
7, 15, 19
19

242
377
1460

143
233
1730

234 998

79
102
98

148
208
123

849
898
629

520
505
363

2799
2932
2558

1221
2480
1850

18.4
83.8
174

4, 12, 11, 18, 19
3, 12, 18, 19
20

—
269
—
221
237
—
—
—
—
386
368

—
247
—
91
90
—
—
—
—
287
178

—
—
244 650
—
225 345
—
13 575
—
—
—
—

42
163
63
—
—
—
50
95
108
—
—

105
78
225
—
215
—
116
195
267
350
20

732
1340
550
940
1105
1043
231
680
649
1295
970

432
761
466
430
900
480
168
437
483
580
520

2838
3626
2819
2600
3361
2894
1458
2443
2595
3920
2770

1299
2031
1085
920
1869
1021
320
2110
2181
3660
1970

—
16.5
31.4
20.0
—
21.8
2.0
—
76.3
85.0
90.0

18
12, 19
19
12
4
19
11
18
19
3, 12
12

2085
416
8480

529
12
3155

7856
1785
33 419

218
0.7
1427

278
1.47
1774

1522
12.0
10 151

600
1.9
3538

9073
3
43 003

2983
19
13 353

242
0.54
1476

8

—
—

708
560

—
—

46
54

81
40

431
232

365
176

3015
4223

1285
952

220
169

14
14
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Table 4. (continued)

Merensky Reef Footwall
Average, n=9
Minimum
Maximum
Merensky Reef
Eastern Limb
Western Limb
Western Limb
Individual Localites
Union
Impala
Rustenburg
Western Mine
Merensky Reef Chromitites
Impala Lower
Impala Upper
Rustenburg Lower
Platreef
All
Lower, n=4
Upper, n=15
Merensky Reef Hangingwall
Average, n=39
Mimimum
Maximum
Bastard Reef
Pyroxenite, n=4
Norite, n=3
Main Zone
Average, n=20
Mimimum
Maximum
Pyroxenite Marker
Average, n=9
Mimimum
Maximum

S
(ppm)

Ni
(ppm)

Cu
(ppm)

Cr
(ppm)

Os
(ppb)

Ir
(ppb)

Ru
(ppb)

Rh
(ppb)

Pt
(ppb)

Pd
(ppb)

Au
(ppb)

Reference

368
<100
440

160
20
298

51
10
105

567
20
971

0.5
<1
1.2

0.78
0.30
2.38

<5
<5
7.0

2.3
0.9
6.4

27
<4
91

10
<5
52

7.64
1.45
21.4

1, 5, 10, 14

—
—
4200

—
—
1700

—
—
900

—
—
7000

41
53
63

75
91
74

399
463
430

153
232
240

3085
3816
3740

1968
1965
1530

—
—
310

18
18
17

—
5100
5333
—

1000
2300
2560
—

500
811
710
—

—
7452
12 747
—

81
71
71
60

139
79
101
60

492
476
434
357

301
201
253
179

3256
3688
4616
3511

1857
1402
1599
1547

184
422
428
238

14, 19
1
5, 19
19

4080
3400
—

3400
2130
—

887
1215
—

177 552
84 483
—

715
413
—

1264
552
1270

6140
2708
—

2665
1141
3300

37 320
22 827
27 000

4173
2056
7800

339
315
3000

1
1
5

—
10 140
16 710

—
2275
2107

—
1575
2330

—
—
—

33
19
7

41
14
5

164
109
30

110
75
12

1765
1078
438

2006
1328
682

—
208
146

18
20
20

1503
100
7320

703
28
2736

269
20
1170

1261
49
2929

2
<1
6

2.1
0.1
20

12
<5
37

5
0.3
40

85
4
800

37
2
420

74
2.00
500

1, 5, 10, 14

11 738
817

2547
213

1152
174

1603
118

21
5

14
1.3

131
22

56
9.5

585
22

193
13

156
19

5, 10, 14
10, 14

98
62
190

172
24
352

27
11
98

270
14
1967

<0.5
<0.5
1

0.12
0.01
0.33

<5
<5
<5

.5
.2
1

6
<2
40

3
<2
10

0.55
0.07
2.00

10

604
<50
1963

315
147
552

45
4
123

515
136
974

0
<0.2
1

0.39
0.02
1.27

2
<2
4

1.3
0.1
5

23
<1
82

10
<2
21

1.27
0.34
4.50

9

References:
1. Barnes and Maier (2002); 2. Davies and Tredoux (1985); 3. Gain (1985); 4. Himestra (1986); 5. Lee (1983); 6. Lee and Tredoux (1986); 7. Lee and Parry (1988); 8. Maier and
Barnes (2002); 9. Maier et al. (2002); 10. Maier and Barnes (1999); 11. Maier and Bowen (1996); 12. McLaren and De Villiers (1982); 13. Merkle et al. (1995); 14. Recalculated
from Naldrett et al. (1986); 15. Scoon and Teigler (1994); 16. Sharpe (1986); 17. Steele et al. (1975); 18. Vermaak (1995); 19. Recalculated from von Gruenewaldt et al. (1986);
20. von Gruenewaldt et al. (1989).

The Main Zone

The Main Zone consists of meso to adcumulates of plagioclase, orthopyroxene and clinopyroxene. The Hf contents of
these rocks are 10% to 40% of the marginal rocks (Maier and
Barnes, unpubl. data), suggesting that the rocks contain 10% to
40% liquid component. The incompatible trace element ratios
and the initial Sr and Nd isotopic composition of the Main Zone
resemble those of the tholeiitic basalt rather than the high Mg
andesitic basalt magma (Kruger, 1994; Maier and Barnes, 1998;
Maier et al., 2000), leading to the suggestion that the Main Zone
is derived mainly from the tholeiitic basalt. However, it should be
pointed out that some Main Zone rocks have initial Sr isotopic
compositions greater (0.7070 to 0.7090) than those reported for

the tholeiitic basalt (0.7059 to 0.7077) (Fig. 12), which has led
some authors to suggest that the initial magma to the Main Zone
has not been preserved in the marginal rocks (Hatton, 1995;
Cawthorn and Lee, 1998). Further, it must be remembered that
there are only nine published Sri values (Harmer and Sharpe,
1985) for the tholeiitic basalt, while there are close to 40 for the
Main Zone (Kruger, 1994). Thus, the smaller range in basalt Sri
could simply be a sampling problem.
The Main Zone contains low concentrations of PGE with
Pt and Pd in the 1 to 20 ppb level (Table 4, Fig. 13). The metal
patterns are similar in shape to the average of the tholeiitic basalt
marginal rocks (Fig. 11h). From Ni to Ir the concentrations
decrease, from Ir to Pt the pattern rises steadily and flattens out
between Pt and Cu.
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Fig. 13. Variations in (a) Pt and (b) Pd concentrations with stratigraphic
height. All Western Limb and Eastern Limb data projected onto the Union
Section. Data sources listed in Table 4. ◗ = Lower Zone harzburgites and
pyroxenites; ● = Critical Zone harzburgites and pyroxenites; ∆ = chromitites of Lower Critical Zone;  = chromitites of the Upper Critical Zone;
 = Critical Zone melanorites to leuconorites;  = UG2; X =
Pseudoreefs or Boulder Bed; ▼ = Merensky Reef; * = Bastard Reef;
 = Main Zone gabbronorites.

Discussion and Interpretation
Collection of Platinum-Group Elements by a Sulphide Liquid

Almost all of the cumulate rocks of the RLS contain PGE
concentrations similar to or higher than concentrations observed
in the presumed initial liquids (the marginal rocks). The rocks
contain 1 to 40 wt% of a former silicate liquid component, with
most of them containing 5% to 15% (Maier and Barnes, 1998).
Thus, some cumulate phase has collected PGE. Given the highly
siderophile nature of the PGE, it is unlikely that any of the silicate phases would accommodate the PGE (Barnes and Maier,
1999 and references therein). The platinum-group minerals
(PGM) that are found in the RLS are normally associated with

base metal sulphides (Kinloch, 1982). The partition coefficients
between sulphide and silicate liquids for the PGE, Au, Ni, and
Cu are all high (200 to 20 000, Table 4). Therefore, it could be
suggested that the principal phase that collected the metals was a
sulphide liquid. This sulphide liquid could have settled onto the
cumulate pile along with other cumulus phases. This has been
suggested for the Merensky Reef, where sulphides are clearly
present (Campbell et al. 1983; Naldrett, 1989). The model could
be modified and applied to the whole of the Lower Zone and
Critical Zone. At the start of each cyclic unit, new magma is
injected into the chamber and mixes with the resident magma.
This magma becomes saturated in sulphide liquid (Figs. 15a and
15b). Kruger and Schoenberg (1998) suggest that the sulphide
saturation could be caused by the incoming magma fountain
eroding the roof of the chamber and becoming contaminated
with country rock. The sulphide droplets collected the PGE and
settled onto the magma pile. In some cases the sulphides could
have percolated downward into the underlying cumulates a little,
displacing the interstitial silicate liquid and enriching the mafic
rocks of the underlying cyclic unit in PGE (Fig. 15c). The idea
that cumulate sulphides are present, particularly in the Lower
Zone and Lower Critical Zone, has been challenged on two
counts. Willmore et al. (2000) mention that these rocks do not
contain obvious sulphides, and Cawthorn (1999b) has pointed
out that many of the Critical Zone rocks do not contain sufficient S for cumulate sulphides to be present.
Considering first Willmore et al.’s (2000) point, although
the Lower Zone and Lower Critical Zone rocks do not contain
sulphides visible to the naked eye, it must be remembered that
very little sulphide would be required in order to influence the
trend of the chalcophile elements. For example, in a rock containing a 10% liquid component one might expect 6 to 7 ppm
Cu (weight fraction liquid component times concentration of
Cu in the liquid). The Lower Zone and Lower Critical Zone
rocks contain more than this (6 to 51 ppm Cu, with an average
of 20 ppm, Table 4). To allow for the presence of cumulate sulphides, the amount of Cu present in the sulphides must be estimated. A sulphide liquid normally crystallizes as a
monosulphide solid solution (mss) which exsolves into
pyrrhotite, pentlandite and chalcopyrite at less than 600°C
(Kullerud et al., 1969). Bonel (1992) reports that the Merensky
Reef from Northam contains 42 modal% pentlandite, 38 modal
% pyrrhotite, and 20 modal % chalcopyrite. Vermaak and Hendriks (1976) report similar values from Rustenburg Platinum
Mines (45% pyrrhotite, 32% pentlandite, and 17% chalcopyrite). This suggests that the original sulphide liquid contained
approximately 7% Cu, a value very similar to that calculated for
the Merensky Reef at Impala (Barnes and Maier, 2002) and similar to the Cu content that may be calculated from published
metal concentrations (Table 4). A sulphide liquid of this composition would be in equilibrium with a mixture of the high-Mg
andesitic basalt and the basaltic tholeiite (Barnes and Maier,
2002). If we allow for as little as 0.02% cumulate sulphides, the
Cu concentration average Lower Zone and Lower Critical Zone
rocks will be matched. Thus, even a very small quantity of
cumulate sulphides will substantially affect the chalcophile ele-
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Fig. 14. Field of mantle normalized metal patterns for the chromitite-bearing rocks and reefs: (a) Lower Critical Zone chromitites; (b) Upper Critical
Zone chromitites; (c) UG2 Reef; (d) Pseudo reefs and Boulder Bed; (e) Merensky Reef; (f) the Platreef. O = average for each group. Note that all of
the reefs and chromitites are strongly enriched in PGE giving a characteristic arched shape. Data sources listed in Table 4.

ment concentrations, and we do not need to see large quantities
of sulphides in the cumulate rocks for them to influence the
chalcophile element contents.
In order to explore the question of whether there is sufficient S for cumulate sulphides to be present (Cawthorn 1999b),
the authors have plotted S concentration in the silicate liquid
versus height in the Union Section, where both S and incompatible element data are available to make the calculation:
S(LF) = S(C)*Hf(L)/Hf(C)

where S(LF) = S concentration in the liquid fraction of the cumulate, S(C) = measured S in the whole rock, Hf(L) = Hf in the sil-

icate magma, Hf(C) = measured Hf in the whole rock. As seen in
Figure 16, samples from the Lower Zone and from the Merensky Reef contain sufficient S for the silicate liquid to have been
sulphide-saturated, and cumulate sulphides are present. However, about half of the Critical Zone samples do not contain sufficient S for cumulate sulphides to be present.
The low S concentrations of the Critical Zone samples and
high Cu/S ratios of these rocks have been considered by a number of authors (e.g., von Gruenewaldt et al., 1986; Merkle,
1992) and the consensus, based on mineralogical and textural
studies, is that these samples, especially the chromitites, have
suffered S loss (e.g., Gain, 1985). It should be remembered that
at the time of the formation of the Critical Zone, the magma

- 567 -

The Geology, Geochemistry, Mineralogy and Mineral Beneficiation of PGE

Fig. 15. Collection of PGE by sulphides model: (a) Formation of the Lower and Lower Critical Zone units; (b) formation of the Upper Critical Zone Unit;
(c) formation of the chromitite layer; (d) formation of the leuconorite layer; (e) details in the chromite layer; (f) compaction in the chromitite layer and
expulsion of the fractionated sulphide liquid.

pile was already 1 km thick. Each new injection of magma
would heat the underlying cumulates causing them to partially
recrystallize. During this reheating S could have been lost.
Therefore, it is argued (e.g., Gain, 1985) that some Critical
Zone rocks have lost up to half of theirs.
In order to investigate the possibility that the metals are
largely controlled by the presence of cumulate sulphides, Ni,
Cu, Au, and the PGE have been plotted versus S (Fig. 17). Copper shows a good positive correlation with S. The solid line in
Figure 17a represents the control line for sulphides containing
7% Cu, and samples with greater than 100 ppm S generally follow this line. Some, but not all, of the samples (particularly the
chromitites) with less than 100 ppm S plot on the Cu-rich side
of the control line and appear to contain too much Cu relative

to S for sulphides to have controlled the Cu in these samples. As
suggested above, these samples have possibly lost S.
According to Bonel (1992), the Merensky Reef sulphides at
Northam consist of 42% pentlandite, which implies the mss contained approximately 14% Ni. This is similar to the Ni concentrations calculated for the Merensky Reef at Impala Mines from
whole rock geochemistry and would be in equilibrium with a mixture of the basaltic andesite and tholeiitic basalt (Barnes and Maier,
2002). The solid line in Figure 17b represents the sulphide control
line. Samples containing greater than 1000 ppm S plot along this
line and Ni concentrations appear to be controlled by sulphide
content of the rock. Samples containing less than 1000 ppm S plot
on the Ni-rich side of the S control line. This is due to the presence of olivine and pyroxene in the rocks, both of which contain
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Fig. 16. Plot of stratigraphic height versus estimated S content of the
trapped liquid fraction to investigate whether the rocks contain cumulate
sulphides at Union. Note that many of the Critical Zone rocks do not
contain sufficient S for cumulate sulphides to have been present.
∅ = pyroxenites; ● = harzburgites; ✳ = Merensky Reef; * = Bastard
Reef;  = Main Zone gabbronorites.

Ni. The dashed line represents a mixing line between olivine and
sulphide; a similar line could be drawn for pyroxenes.
Gold shows a positive correlation with S consistent with collection of Au by a sulphide liquid (Fig. 17c). However, rather
than defining a single line, the values tend to show a broad band.
This may be due to the sulphides containing slightly different
concentrations of Au in different rocks. Campbell and Naldrett
(1979) showed that the concentration of a metal in a sulphide
(CC) is controlled by the concentration of the metal in the silicate liquid (CL), the partition coefficient between the sulphide
and silicate liquids (Dsul/sil), and the volume of silicate magma
from which the sulphide collects the metal. In a closed system
this is usually expressed as R (ratio of silicate to sulphide liquid):
CC = CLD(R+1)/(R+D)

When R is > 10 times D, the enrichment factor (CC/CL) in
the sulphides approaches D (Fig. 18a). When R < 10 times D,
the enrichment factor is approximately R. Nickel and Cu have
lower partition coefficients into sulphides than Au and the PGE
(Table 5), thus the degree of enrichment in sulphides for these
elements is similar for all R-values of 1000 and greater (Fig.
18a). That is to say that the Ni and Cu contents of the sulphides
are not particularly sensitive to the R-factor. In contrast, Au and
the PGE have high Dsul/sil and are thus sensitive to changes in
R-factor. As a result, the noble metal content of the sulphides
may increase by a factor of 240 when the R-factor changes from
100 to 100 000. Thus, more than one trend may be present on
a plot of S versus noble metals. Assuming Dsul/sil of 16 000 trend
lines for a sulphide formed at R = 100 and R = 100 000 are
shown in Figure 18c. Most of the samples fall between these
lines and thus sulphides in these rocks could control the Au.
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Palladium shows a weak correlation with S (Fig. 17d). The
chromitites, in particular, seem to be rich in PGE, but poor in
S. As was discussed above, it is thought that many chromitites
have lost their original S. If only the silicate rocks are considered, they lie between the two trend lines defined by sulphide
liquids formed at R = 100 and R = 100 000. The difference in
the partition coefficient of Pd and Cu into a sulphide liquid may
be used to deduce the R-factor (Barnes et al., 1993). Assuming
a partition coefficient for Cu of 1000 and for Pd of 30 000, for
R < 1000, Cu and Pd will be enriched in the liquid equally and
the Cu/Pd ratio will be the same in the silicate and sulphide liquid (Fig. 18). For R > 1000, Pd will be enriched more than Cu,
thus the Cu/Pd ratio falls and the samples will fall in the
enriched field on the Cu/Pd versus Pd plot. The mantle-normalized metal patterns will be enriched in PGE relative to Cu
possibly as seen in the Lower Zone and Critical Zone rocks and
particularly in the reef rocks (Figs. 11 and 14). Mixing lines can
be drawn between silicate and sulphide liquid compositions at R
= 100, 1000, 10 000, 100 000. According to the position of the
samples on the plot, it is possible to model the composition of
the reefs as a three-component mixture of:
1. Twenty percent trapped liquid [average percentage of trapped
liquid in cumulates of Critical Zone (Maier and Barnes, 1998)],
which would have a Cu/Pd ratio similar to marginal rocks in teh
range of 4000 to 5000 and contribute 2 ppb Pd.
2. Approximately 79% cumulate oxides and silicates, which
contribute little or no Cu and Pd.
3. For the Merensky Reef, Pseudo Reef and the Boulder Bed,
approximately 1% sulphides formed at very high R-factors
(10 000 to 100 000) possibly by turbulent mixing of magmas
(Campbell et al., 1983; Naldrett et al., 1986; Schoenberg et al.,
1999, among others).
4. For the Platreef, 2% to 10% sulphides formed at R-factors of
1000 to 10 000.
5. For the UG2 Reef, 1% sulphides formed at R-factors of
100 000 or greater.
The high Dsul/sil for the PGE also has an important effect
on the quantity of PGE present in the evolved silicate liquid
when sulphides segregate. The effect of sulphide removal may be
shown by considering a plot of concentration of the metal in the
fractionated liquid (CF) divided by the concentration of the element in the initial liquid (CL) versus percentage sulphides
removed during equilibrium fractionation (Fig. 18b):
CF = CLF(D-1)

For elements with high partition coefficients into the sulphide liquid, the segregation of a sulphide liquid will very
quickly deplete the magma. For example, assume a DPdsul/sil of
100 000 and DCusul/sil, of 1000. The removal of 0.01% sulphide
by equilibrium fractionation will deplete the magma in Pd by a
factor of 0.1; in contrast, Cu will be depleted by 0.9. Therefore,
the Cu/Pd ratio in the depleted silicate liquid is ten times greater
than in the initial magma. This effect could explain the variations
in Cu/Pd and Cu/Pt ratios between the UG1 and the Bastard
Reef (Fig. 20). The Cu/PGE ratios in the ultramafic portion of
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Fig. 17. Plots of Cu, Ni, Au, Pd, Pt, and Ir versus S for all rocks of the RLS. Note Cu and Ni show a good correlation with S, indicating that sulphide
liquid probably collected these metals. Gold and Pd show a board band, possibly because the Pd and Au content of the sulphide liquid are sensitive
to the R-factor of the sulphides. Most samples fall between the trends for a sulphide liquid formed at R = 100 and R = 100 000. Platinum, Ir, and Rh
show poorer correlations with S, especially in the chromitites.  = Lower Zone harzburgites and pyroxenites, ● = Critical Zone harzburgites and
pyroxenites; ∆ = chromitites of Lower Critical Zone;  = chromitites of the Upper Critical Zone;  = Critical Zone melanorites to leuconorites; ▲ =
UG2; X = Pseudo reefs or Boulder Bed; = ▼ Merensky Reef; * = Bastard Reef;  = Main Zone gabbronorites;  Hi-Mg basaltic andesite;  Tholeiitic basalt; + = Platreef.
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Fig. 18. Plots of (a) enrichment factor versus R, and (b) depletion factor versus percentage sulphide removed.
Table 5. Partition coefficients for the metals
Os

Ir

Ru

Sulphide Liquid — Silicate Liquid
>31 000
>50 000
>12 000
130 000
230
310 000
2500
35 000
450 000
10 000
30 000
700-5300
48 000

51 000
14 000
26 000
1500-4700

Rh

Pt

>140 000

>18 000
9100
>1 000 000

27 000

35 000

36 000
13 000

6400
1200-4100

10 000
1100-6900

Monosulphide Solid Solution — Sulphide Liquid Sulphur Saturated
4.3
3.6
4.2
3.03
0.2
3.4-11
1.17-3.0
0.05-0.13
0.09-0.2
Monosulphide Solid Solution — Sulphide Liquid Sulphur Undersaturated
0.77 1
0.14
0.19
0.02
0.08-1.4
0.4-0.8
0.01-0.05
Monosulphide Solid Solution — Sulphide Liquid Sulphur Oversaturated
5-17
3.9-11
0.14-0.24
Spinel — Silicate Liquid
22-25
78-90
300-1200
130-430
Alloy — Silicate Liquid
1012
106 -107

1015

Pd

Au

Ni

>92 000
810-1300
88 000
1200
55 000
16 000
43 000
33 000
25 000
25 000
1200
23 000
15 000-18 000 575-836
17 000
1200-6300
30-3000

Cu

Sattari et al. (2002)
Stone et al. (1990)
Bezmen et al. (1994)
Peach et al. (1994)
Peach et al. (1994)
Helz and Rietz (1988)
Crocket et al. (1997)
1383
Peach et al (1990)
Fleet et al. (1996)
Fleet et al. (1999)
Roy-Barman et al. (1998)
913-1006 Francis (1990)
Jana and Walker (1997)

110-1300

315-424
350-1070

0.09
0.36-0.8

0.84
0.2-0.25

0.27

0.23
0.01-0.07

0.18-0.36

0.17-0.2

0.13-0.24

0.7-1.2

0.2

300 000
100 000
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107
1005-3543
800 000
>40 000

Fleet et al. (1993)
Barnes et al. (1997b)
Fleet and Stone (1991)
Barnes et al. (1997b)

0.22-0.27 Barnes et al. (1997b)

0.2
0.4-1.2

107

Reference

3.5-6.8

Capobianco and Drake (1990)
Capobianco et al. (1994)
Sattari et al. (2002)

57-1607
6000
3100

Borisov and Palme (1997)
Jana and Walker (1997)
Wolf and Anders (1980)
Kloch et al. (1986)

80
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Fig. 19. Cu/Pd versus Pd for samples from the Rustenburg Layered Suite. Symbols as on Figure 17.
Samples from above the Merensky Reef and the Main Zone samples have Cu/Pd ratios greater than
mantle and are depleted in Pd. In contrast, many of the Critical Zone samples have Cu/Pd ratios less
than mantle and are enriched in Pd. Tie lines for a cumulate containing 20% silicate fraction and
cumulate sulphides formed at 100, 1000, 10 000, and 100 000 have been drawn. The composition
of the Merensky and Pseudo reefs can be modelled by assuming them to be a mixture of cumulate
phases with no PGE or Cu, 20% silicate liquid component and 1% sulphides formed at high R factors
(104 to 106). The Platreef can be modelled as containing 1% to 10% sulphides formed at slightly
lower R factors.

each unit are low, but they rise through each unit and then
reverse at the start of the next unit. The ultramafic rocks of each
unit represent the products of the mixing of a new injection
magma with the resident magma (or a convective overturn resulting in mixing of overlying unfractionated magma mixing with
the fractionated magma at the crystallization front). This magma
could be rich in PGE and the sulphides that segregate would
have low Cu/PGE ratios, i.e., they would be PGE-rich (Fig.
15b). The mafic rocks of each unit crystallize from a magma that
has already segregated some sulphide liquid. Thus, the Cu/PGE
ratio of this magma is high due to the preferential removal of
PGE, and the mafic rocks tend to have higher Cu/PGE ratios
(Fig. 15d). Another feature of this plot is that the ultramafic
rocks of each cyclic unit have higher Cu/PGE ratios up-section.
This may be due to a lower R-factor up-section (as outlined
above) or maybe due to larger proportions of the fractionated
(PGE-depleted) magma in the mixed magma that forms at the
start of each unit. The mafic mineral compositions showed a
complementary cyclic behaviour (Naldrett et al., 1986).
The Pt, Rh, and Ir versus S plots (Figs. 17e, 17f and 17g)
show a similar relationship to the Pd versus S plot, with the silicate
rocks largely falling between the sulphide control lines, but the
chromitites and many of the Upper Critical Zone rocks fall on the
PGE-enriched side. (Os and Ru show similar behaviour to Ir, but
their concentrations are not shown because analytical precision on
these elements is poor). More rocks fall outside the sulphide liquid
control lines on the Ir plot than on the Pt plot. The Lower Zone
and Critical Zone rocks show a greater enrichment in Os, Ir, Ru,

and Rh than in Pt and Pd, particularly in the chromitites (Figs. 11
and 14). Therefore, some phase is concentrating Os, Ir, Ru, and
Rh more than Pt and Pd in these rocks. It is unlikely that this is
sulphide liquid, because most of the experimentally determined
partition coefficients indicate that Dsil/sul for Pd and Ir are similar.
A model explaining the distribution of all the PGE, based simply
on their being controlled by the presence of sulphides similar in
composition to a sulphide liquid, is therefore not tenable.
The enrichment of Os, Ir, Ru, and Rh over Pt and Pd in the
Lower Zone and Critical Zone rocks has led Maier and Barnes
(1999) to propose that the sulphides present in these zones represent sulphide cumulates rather than sulphide liquid. Experimental
work has shown that the first phase to crystallize from a sulphide
liquid is Fe-rich monosulphide solid solution (mss) (Kullerud et
al., 1969). The partition coefficients for Os, Ir, Ru, and Rh into
mss are 2 to 5 (Fleet et al., 1993; Li et al., 1996; Barnes et al.,
1997b). Thus, the presence of cumulate Fe-rich mss could have
enriched the Lower and Critical Zones in Os, Ir, Ru, and Rh. One
could question whether this model is mechanically possible. The
basaltic andesite magma would have begun crystallizing olivine
and spinel at approximately 1300°C (Sharpe and Irvine, 1983),
but the sulphide liquid would only begin to crystallize mss at
approximately 1150°C. By this time, the silicate magma would
have undergone about 30% crystallization. One could suggest that
sulphide droplets had settled among the cumulate silicate grains
and began to crystallize mss at 1150°C. After the formation of the
mss, some of the fractionated sulphide liquid would have to be
removed from the cumulate pile in order that the whole rock com-
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Fig. 20. Plot of Cu/Pd and Cu/Pt between the UG1 and the Bastard Unit at Union Section showing the cyclic behaviour of the ratios. Data from Naldrett et al. (1986) and Maier and Barnes (1999).

position is Os-, Ir-, Ru-, Rh-enriched. Possibly the sulphide liquid
was expelled during cementation (growth of the oikocrysts) and
compaction of the pile. Another possibility is that during a seismic
event associated with injection of new magma, the cumulate pile
could have undergone liquefaction. The trapped silicate and sulphide liquid would have been expelled. Maier and Barnes (1999)
successfully modelled the PGE distribution of most of the silicate
rocks of the Lower and Critical zones, by assuming that they contained 0.01% to 0.06% sulphides, and the sulphide fraction contained 50% to 90% cumulate mss. However, modelling of the
chromitite layers was less successful.
More detailed modelling of the Merensky Reef chromitite
seams (Barnes and Maier, 2002) shows that it is possible to model
the Os, Ir, Ru, and Rh values by assuming that the sulphides are
mss cumulate, but then the Pt, Pd, Au, and Cu concentrations of
the model are too low. One solution to this is to assume that
PGM such as laurite and cooperite have crystallized from the sulphide liquid. At first glance, this model may not seem viable
because Brenan and Andrews (2001) and Mathez (1999) argue
that, in their experiments, the sulphide liquid accommodates
PGE up to the percent level. The PGE content of sulphide liquids
from ore deposits are much lower than this [in the range 0.1 to
100 ppm (Naldrett, 1989)] and thus PGM could have not crystallized from the sulphide liquid. However, as pointed out by
Barnes (1993), this interpretation ignores the effects of anions in
the sulphide melt, such as As, Sb, Bi, and Te, which could lead to

PGM crystallization at lower concentrations of PGE. For example, based on textural observations, it has been suggested that
PGM rich in these elements crystallize from the sulphide liquid at
Sudbury (Cabri and Laflamme, 1976). Further, as speculated by
Barnes (1993), another factor that is important in controlling
PGM crystallization is the sulphur content of the sulphide liquid.
Experimental work shows that at low S concentrations, sulphide
liquid crystallizes Pt-Ir alloys and laurite (Fleet and Stone, 1991;
Li et al., 1996; Jana and Walker, 1997; Brenan and Andrews,
2001). The Merensky Reef chromitite seams can be modelled if
they contain a PGE-rich sulphide liquid and approximately
0.005% cumulate PGM (Barnes and Maier, 2002). The crystallization of PGM from a sulphide liquid requires that the S concentration of the liquid be very low, which raises the question of
why the S concentration of the sulphide liquid in the chromitites
should be lower than in the silicate rocks. Naldrett and Lehmann
(1988) and Mathez (1999) have suggested that sulphide liquid in
the chromitite layers interacts with the chromite by the reaction:
4/3 Fe2O3 (chr) + 1/3 FeS = Fe3O4 (chr) + 1/6 S2.

The S would then leave the system and the remaining sulphide
liquid could become S-poor. It is possible that during cooling of
the chromitites the sulphide liquid reacted with the chromite,
which resulted in loss of Fe and S from the sulphide liquid and
the S content of the liquid dropped sufficiently for PGM to
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crystallize from the sulphide melt (Fig. 15e). Another factor that
could be important is that the cumulate pile was reheated by
repeated injections of new magma. During the reheating the sulphides may have reacted with chromite. Finally, some of the
fractionated sulphide melt was squeezed out of the chromitites
during compaction or a seismic event (Fig. 15f ).
Collection of Platinum-Group Elements from the Silicate Melt by
Platinum-Group Minerals

Hiemstra (1979) suggested an alternative model for the formation of the Bushveld PGE reefs in which the Pt-Fe alloys
from the silicate magma were settled out by inclusion of the
PGM in sulphide droplets. This idea has been refined by Barnes
(1993) and applied to the Munni Munni Intrusion with the aim
of explaining the detailed distribution of the PGE in the Munni
Munni Reef. The idea that PGE may have crystallized directly
from the silicate magma in the form of PGM (especially as laurite) has been applied to other parts of the Lower Zone and
Lower Critical Zone by several authors (Lee and Tredoux, 1986;
von Gruenewaldt et al., 1989; Merkle, 1992; Scoon and Teigler,
1994; Cawthorn, 1999b, among many others). Cawthorn
(1999b) suggested that throughout the formation of the Critical
Zone, the PGE crystallize continuously, directly from the
magma as PGM. Normally, the accumulating PGM would be
diluted by the crystallization of silicates and oxides and no economically significant concentrations formed. However, at the
level of the reefs, the magma was very hot, and so at first only
PGM were on the liquidus and, hence, they accumulated at the
crystallization front and formed the reefs.
Conditions leading to the saturation of magma in PGM
phases are not well defined, although some experimental work suggests that changes in ƒO2 have an important role in controlling
PGE solubility (Borisov and Palme, 1997; Amossé et al., 2000).
Brenan and Andrews (2001) have shown experimentally that magmas of basaltic composition that are undersaturated in Fe-sulphide
liquid can crystallize laurite, although it should be mentioned that
these experiments contained 1% Ru and thus may not be applicable to natural systems. Barnes (1993) points out that if Fe-sulphide
liquid is present, then in order for the silicate magma to be saturated in PGM, the sulphide liquid must also be saturated PGM.
As mentioned above, the current experimental work suggests that
sulphide liquids only become saturated in PGM when the PGE are
present at the percent level. Thus, if PGM crystallize directly from
the silicate magma, then this must occur before the magma
becomes saturated with Fe-sulphide liquid. For the chromitites of
the RLS this would imply that the magma becomes saturated in
PGM (but not in Fe-sulphide liquid) at the onset of each chromitite cycle. The PGM that would have to crystallize in the Lower
Critical Zone would be laurite [(Ru,Os,Ir)S2] and malanite
[Cu(Pt,Rh)2S4] because the PGE patterns peak between Ru and
Rh. In the Upper Critical Zone the peak moves to Pt and it would
be necessary to crystallize cooperite (PtS) or some other Pt-rich
mineral. Base metal sulphides are present in the chromitite layers
of the Merensky Reef (Barnes and Maier, 2002), therefore, if the
Os, Ir, Ru, Rh, and Pt enrichment in these chromitites are due to

PGM crystallization, then the base metal sulphides must have been
added to the rock after PGM crystallization.
A weakness of the direct PGM crystallization model is that
it requires that the magma become saturated in PGM, whereas,
the PGE are present at only ppb levels (e.g., Mathez, 1999). To
circumvent this problem, Tredoux et al. (1995) have suggested
that PGE and other non-lithophile elements could aggregate
together in silicate magma as clusters (Fig. 21). These clusters
would then pre-concentrate the PGE. Theoretically, the heavy
PGE (Os, Ir, and Pt) should have a tendency to form clusters
more readily than the light PGE (Ru, Rh, Pd) (Tredoux et al.,
1995). Thus the PGM formed from these clusters would be Os,
Ir-, Pt-rich and this would explain the enrichment of the Lower
and Critical Zone rocks in these elements, but not the enrichment in Ru and Rh.
In order to explain the enrichment of Os, Ir, Ru, Rh, and Pt
in the chromitites, an additional process is necessary. Capobianco
et al. (1994) showed that Ru and Rh partition into oxides, but Pd
does not. They suggested that oxide precipitation provokes the
crystallization of the Os, Ir and Pt clusters while Ru and Rh are
incorporated into the oxide structure. Adopting this, one could
suggest that when chromite segregated from the hybrid magma,
Ru, and to a lesser extent Rh, partitioned into the chromite and
that destabilized the cluster, resulting in the co-precipitation of
chromite and the clusters to form chromite-rich layers enriched in
all the PGE except for Pd (Fig. 21). The crystallization of
chromite destabilizes the cluster and allows the precipitation of
the PGE clusters as PGM. The presence of the PGM enriched the
Os, Ir, Ru, Rh, and Pt content of the chromitite layer.
The main weakness of the model, which crystallizes PGM
directly from the silicate liquid, is that it has not been demonstrated that a silicate magma may become saturated with PGM
at the very low levels that the PGE are present in silicate magmas. However, this is a very active field of research and more
answers may be available soon.
Models for the Collection of Platinum-Group Elements from Below

In order to explain the PGE-rich reefs, Vermaak (1976) and
von Gruenewaldt (1979) suggested that intercumulus liquids
enriched in PGE were filter pressed from the underlying cumulates. These PGE-rich fluids reacted with the sulphides in the reefs

Fig. 21. The cluster model. In a silicate melt, PGE ions and chalcophile
elements could cluster together. If the magma becomes saturated in
chromite, Ru could partition into the chromite and this may destabilize
the cluster resulting in the co-precipitation of chromite and PGM.
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and deposited PGE there. This idea has been developed and modified by workers such as Boudreau and Meuer (1999a, 1999b) and
Willmore et al. (2000). In the current collection-from-below
model, it is envisaged that in the partially consolidated cumulate
pile sulphides were present. Deep in the pile, highly fractionated
interstitial silicate magma became saturated in a Cl-rich fluid.
This fluid dissolved the local sulphides releasing the base metals
and PGE which then partition into the fluid. The fluid rose
through the cumulate pile, dissolving overlying sulphides, and
became richer in metals, until it reached the level where the intercumulus silicate magma was not saturated in fluid. The Cl-rich
fluid then dissolved in the intercumulus silicate magma and sulphides were deposited at this level from the S and metals that the
Cl-rich fluid introduced. The model can be made more elaborate
by suggesting that as the crystallization front moved through the
pile, the intercumulus silicate magma that had been undersaturated in Cl-rich fluid at this level became saturated, and this new
fluid partially dissolved the recently deposited sulphides. Copper
and S would partition into the fluid, but as long as any sulphides
remained, the PGE would tend to remain behind. This could
have led to the formation of the very PGE-rich sulphides found
in the reefs. The new Cl-rich fluid would have risen until it
encountered interstitial magma that was undersaturated in fluid,
and then the Cl-rich fluid would have dissolved in the interstitial
silicate magma. At this point, the S and metals that the fluid was
carrying would have precipitated as sulphides, but in this case, the
sulphides would be PGE-poor because the PGE were left behind
in residual sulphides. This could explain the trend within a cyclic
unit of PGE-rich sulphides at the base and PGE-poor sulphides
at the top (Fig. 20).
A number of lines of evidence have been presented in support of this model. Firstly, many authors have noted the coarsegrained nature of the Merensky Reef, referring to it as a
pegmatoid, and used this as evidence of a high fluid content for
the magma from which it crystallized (e.g., Nicholas and
Mathez, 1991; Mathez et al., 1997). Pegmatoidal rocks are also
common in association with the UG2 Reef (e.g., Viljoen et al.,
1986). Secondly, Mathez et al. (1995) have also cited the REErich nature of clinopyroxenes associated with the reefs as evidence for interaction with metasomatic fluids. Thirdly,
experimental work has demonstrated that Pd and Pt are mobile
in the presence of Cl and S at 1000°C to 1400°C (Fleet and Wu,
1993; Baker et al., 2001) and Pd is soluble in Cl-bearing aqueous systems (Hsu et al., 1991). Finally, Boudreau et al. (1986)
have shown that the apatites associated with the reefs are exceptionally rich in Cl.
Pegmatoids, however, need not necessarily indicate the presence of fluids. All that is required for a coarse grain size to
develop is that the rock be held close to the solidus temperature
for longer than usual. As Cawthorn and Barry (1992) pointed
out, this could have occurred when the chamber was replenished. Further, the large crystals in some reef melanorite are not
single crystals, as would be expected to form from a hydrous
fluid, but they appear to be composite grains formed by static
recrystallization when the orthopyroxenes were forced into each
other during compaction (Barnes and Maier, 2002).
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Cawthorn (1996) showed that the REE-rich clinopyroxenes
cited by Mathez (1995) as evidence of interaction with metasomatic
fluid could have crystallized from a fractionated liquid. It is sometimes mentioned that the Merensky Reef is rich in incompatible
elements. This is not true; SARM-7 contains incompatible elements at approximately 20% of the level found in the chill rocks
(Barnes and Maier, 2002) so that no metasomatic fluids are needed
to account for the REE and other incompatible element concentrations. Nonetheless, the presence of 10% to 40% oikocrysts in the
reef rocks could be used as evidence that the crystal pile originally
had a porosity at least this high and thus melt migration during
compaction appears inevitable. During compaction, the framework
deformed and the intercumulus fluid rose through the pile and
crystallized either plagioclase or orthopyroxene oikocrysts, which
cemented the pile. The critical question, originally raised by Barnes
and Campbell (1988) in their review of the problem for PGE-reefs
in general, is “does the possible migration of intercumulus liquid
affect the distribution of the PGE and other chalcophile elements?”
If the Boudreau and Meuer (1999a, 1999b) model is
applied to our data, it has to be assumed that originally there
were igneous sulphides precipitated throughout the Lower and
Lower Critical zones. [If only silicates and oxides are allowed in
the Lower and Lower Critical zones, the cumulate pile would
not have sufficient PGE to form the reefs (Naldrett et al.,
1986)]. In the Lower and Lower Critical zones, these sulphides
have largely been dissolved by the migrating Cl-rich fluids; all
that is left now is a trace, which accommodates the excess PGE
and Cu now seen. In order to explain the enrichment of Os, Ir,
Ru, and Rh over Pd and Pt in the Lower and Lower Critical
Zones, one could argue that these elements were more efficiently retained in the residual sulphides than Pt and Pd. In the
Upper Critical Zone, the PGE would have been emplaced at the
base of each cycle at the migrating fluid front along with sulphides. As the front moved forward, the sulphides were partially
dissolved leaving a PGE-rich sulphide behind (the reef ) and precipitating a PGE-poor sulphide in the upper part of the unit.
Naldrett et al. (1986) calculated that 19 m of the Upper
Critical Zone contains 5 ppm Pt, yet the material below the reefs
is not depleted in PGE. All of the material below the Merensky
Reef contains more PGE than can be accounted for by trapped
liquid fraction. It could be argued that originally there was even
more PGE present and that these now concentrated in the Upper
Critical Zone. If all the PGE of the Upper Zone are reallocated
to the underlying 1600 m, the Lower and Lower Critical zones
would have originally contained 70 ppb Pt and 5 ppb Ir. Assuming this was in sulphides of the same composition as the Platreef,
which, since it is formed at the margins of the intrusion it cannot have formed by enrichment from below, then the Lower
Zone and Lower Critical Zone would have originally contained
0.2% to 1% sulphide. Thus, if the Lower Zone and Lower Critical Zone contained Platreef-like sulphides, and if Cl-rich fluids
can transport PGE, then it would be possible to obtain the PGE
in the Upper Critical Zone from the underlying material,
although it is not clear to the authors how one would then distribute these PGE into the eight PGE-rich cyclic units of the
Upper Zone, with no PGE-depleted units between them.
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Conclusions

Most of the rocks of the Lower and Critical zones contain
more PGE, Au, and Cu than can be accommodated by the silicate fraction of the rocks. Further, Os, Ir, Ru, and Rh are more
enriched than Pd, Au, and Cu. The Ni, Cu, Au, and Pd concentrations of the rocks can be modelled if the rocks (including
the reefs) contain a small quantity of cumulate sulphides. The
sulphides collect the metals from a large volume of magma (Rfactors of 1000 to 100 000) and thus are rich in metals and,
therefore, only a small quantity of sulphides is required to
enrich the rocks in PGE. The Os, Ir, Ru, Rh, and Pt contents
of most of the silicate rocks can be modelled in a similar manner. However, this type of modelling will not explain the tendency of Os, Ir, Ru, and Rh to be more enriched in the Lower
Zone and Critical Zone rocks than Pd, Au, and Cu. Nor will it
explain the tendency for chromitites to be enriched in Os, Ir,
Ru, Rh, and Pt.
Three possible solutions to this conundrum can be envisaged. The first is that all the PGE, except Pd, crystallized directly
from the silicate magma as PGM and accumulated with other
cumulate phases. The tendency for chromitites to be more
enriched in these elements than the silicate rocks could arise
because the conditions favouring chromite crystallization also
favour PGM crystallization, or because chromitites nucleate on
the PGM and then settle them out of the silicate liquid. A second possibility is that these PGE are concentrated by the mss
that crystallized from a sulphide liquid. This would account for
the enrichment of Os, Ir, Ru, and Rh in silicate cumulates, but
it will not explain the enrichment of Pt in the chromitites. In
addition, this model requires the chromitites to contain approximately 1% sulphides, and most do not. This suggests a third
solution for the PGE enrichment in the chromitite layers,
namely, that there is an interaction between trapped sulphide
liquid and chromite results in S being lost from the sulphide liquid. This leads to low S concentrations in the sulphide liquid
and the crystallization of PGM, in particular, malanite and laurite. The fractionated sulphide liquid is squeezed out from the
chromitite during compaction, leaving a chromitite with a little
sulphides plus some cumulate PGM.
From the point of view of prospecting, two metal ratios are
helpful in indicating the position of the reefs (Fig. 22). The
Cu/Pd and Cu/Pt ratios of the Lower Zone and Lower Critical
Zone are slightly less than mantle. These ratios change by an
order of magnitude in the Upper Critical Zone where the reefs
are present. In the Main Zone that overlies the reefs, the Cu/Pd
and Cu/Pt ratios are slightly greater than mantle values. Thus,
simple inspection of the Cu/Pd or Cu/Pt ratios indicates where
exploration efforts should be concentrated.
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